INTRODUCTION
The liprin-α/SYD-2 family of proteins was originally identified as a cytosolic binding partner of the LAR family of receptor protein tyrosine phosphatases (1) . Liprin-α contains various domains for protein interactions including a long coiled coil region in the N-terminal half, three SAM domains in the middle, and a PDZ-binding motif at the C-terminus. The N-terminal coiled coil region of liprin-α mediates homomultimerization (1) , and interacts with GIT/Cat/p95-APP/PKL (J. K. and E. K., submitted), a family of multidomain proteins with GTPase-activating protein activity for ARF small GTP-binding proteins (2-6) as well as RIM1 (Rab3-interacting molecule) (7), a scaffolding protein at the presynaptic active zone regulating neurotransmitter release (7, 8) . The SAM domains of liprin-α interact with the intracellular domain of LAR (1).
The C-terminus of liprin-α interacts with the GRIP/ABP family of multi-PDZ proteins, which are known to bind various membrane, cell adhesion and signaling proteins including AMPA glutamate receptors (GluRs) (9) (10) (11) (12) (13) , ephrin ligands and receptors (14) (15) (16) , and GRASP-1, a neuronal ras-specific guanine nucleotide exchange factor (GEF) 4 in dendrites of neurons (20) . These results suggest that liprin-α/SYD-2 regulates presynaptic differentiation of active zone as well as postsynaptic targeting of AMPA receptors. However, it remains largely unknown how liprin-α regulates presynaptic differentiation and postsynaptic receptor targeting. Importantly, liprin-α distributes to various nonsynaptic structures in axons and dendrites (20) , suggesting that liprin-α may have novel functions at extrasynaptic sites in addition to its suggested role as an organizer of synaptic multiprotein complexes.
The kinesin superfamily (KIF) of motor proteins transports cargo vesicles or organelles on microtubule tracks (21, 22) . KIF1A, a member of the KIF1/Unc104 family of proteins (23), is a neuron-specific kinesin motor known to transport synaptic vesicle precursors containing synaptophysin, synaptotagmin and rab3A (23, 24) . In support of this, genetic deletion of unc-104, a C. elegans homolog of KIF1A (25) Recently, fast and processive movements of Unc104/KIF1A were observed in living C. elegans and mammalian neurons (28,29), and molecular mechanisms underlying the processive movement of Unc104/KIF1A have been extensively characterized (30-33).
However, relatively little is known about whether KIF1A transports cargoes other than synaptic vesicle precursors, and about the manner in which KIF1A interacts with specific cargoes.
We report here a direct interaction between KIF1A and liprin-α, which links KIF1A to various liprin-α-associated proteins including AMPA receptors, GRIP, RIM, GIT1 and βPix. Our results suggest that liprin-α functions as a KIF1A "receptor" were amplified by PCR and subcloned into pRSETB (vector for H6 fusion protein, Invitrogen). Fusion proteins were purified using Probond resin (Invitrogen). Affinity purification of specific antibodies was performed using immunogen immobilized on PVDF membrane (Amersham Pharmacia Biotech). The specificity of KIF1A (1131) antibodies was determined by western blot analysis on GST-KIF1A (aa 657-937) and GST-KIF1Bβ (aa 697-1223). To examine the reactivity of liprin-α antibodies (1120 and 1127) against the liprin-α family members, COS cell lysates transfected with HA-liprin-α1 or HA-liprin-α2 were immunoblotted with liprin-α (1120, 1127) and HA (mouse monoclonal, Roche) antibodies. Other antibodies used include GRIP (C8399, Pan GRIP antibody) (9,10), GST (Santa Cruz), GluR1 (Chemicon), PSD-95 (K23/58, Upstate Biotechnology), GluR2/3 (Chemicon), synaptotagmin (Sigma), syntaxin (Sigma), MAP2 (Sigma), neurofilament-H (neurofilament 200, Sigma), cortactin (Upstate Biotechnology), mouse monoclonal HA (Roche), rabbit polyclonal HA (Santa Cruz Biotechnology), GIT1 (J. K. and E. K., submitted) and RIM (Transduction Laboratories) antibodies.
Immunohistochemistry and immunoelectron microscopy-For immunofluorescence staining of rat brain sections, adult rats were perfused with 4% paraformaldehyde, and brain sections were cut using a vibratome. Brain sections were permeabilized with phosphate buffered saline (PBS) containing 50% ethanol at room temperature for 30 min, incubated overnight with combinations of KIF1A (1131, 3 µg/ml), liprin-α (1127, antibodies, followed by incubation with Cy3-, FITC-, or Cy5-conjugated secondary antibodies at dilutions of 1:1000, 1:300 and 1:500 respectively (Jackson Immunoresearch). Images were captured using an LSM510 confocal laser scanning microscope (Zeiss). Postembedding immunogold electron microscopy with KIF1A (1131, 3 µg/ml) antibodies was performed and quantified as described previously (34).
Subcellular fractionation-Subcellular fractions of whole rat brain were prepared as previously described (10). In brief, rat brain homogenates (H) were centrifuged at 900 x g to remove nuclei and other large debris (P1). The supernatant was centrifuged at 12,000 x g to obtain a crude synaptosomal fraction (P2). The supernatant (S2) was centrifuged at 250,000 x g to obtain light membranes (P3) and cytosolic fraction (S3). In parallel, the P2 fraction was subjected to hypotonic lysis and centrifuged at 25,000 x g to precipitate synaptosomal membranes (LP1). The supernatant (LS1) was further centrifuged at 250,000 x g to obtain a crude synaptic vesicle-enriched fraction (LP2) and soluble fraction (LS2). For immunoblotting, nitrocellulose or PVDF membranes were incubated with antibodies against KIF1A (1131, 1 µg/ml), liprin-α (1120, 1 µg/ml), GRIP (C8399, 1 µg/ml), GluR1 (1 µg/ml), PSD-95 (1:1000) and synaptotagmin (1:500).
Flotation assay and coimmunoprecipitation-For the flotation assay, brains of 6 weekold rats were homogenized in homogenization buffer (20 mM HEPES, 100 mM potassium acetate, 40 mM KCl, 5 mM MgCl 2 , 320 mM sucrose, pH 7.4) supplemented with proteinase inhibitors and 5 mM EGTA. Homogenate was centrifuged at 900 x g for 8 Crude synaptosomes were suspended in the homogenization buffer and hypotonically lysed by adding nine volumes of H 2 O to release synaptic vesicles. After centrifugation at 200,000 x g for 1 h, the membrane pellet was then adjusted to 2 M sucrose and loaded onto the bottom of a discontinuous sucrose gradient of 1.6, 1.0, and 0.3 M sucrose. The sucrose gradient was centrifuged at 350,000 x g for 3 h. Fractions were taken from the top of the gradient to the bottom. For coimmunoprecipitation, deoxycholate lysates (9) of the top three fractions were incubated with antibodies against KIF1A (1131, 3 µg/ml), liprin-α (1127, 3 µg/ml), GluR2/3 (Chemicon, 3 µg/ml), or control IgG (rabbit or guinea pig, 3 µg/ml) followed by precipitation with protein A sepharose (Amersham Pharmacia Biotech). Immunoprecipitates were analyzed by immunoblotting with KIF1A (1131, 1 µg/ml), liprin-α (1120, 1 µg/ml), GRIP (C8399, 1 µg/ml), GluR2/3 (1 µg/ml), synaptotagmin (1 µg/ml), RIM (1 µg/ml), GIT1 (1 µg/ml), βPix (1 µg/ml), syntaxin (1:400) and cortactin (1:1000) antibodies.
Nerve ligation assay-Sciatic nerves of anesthetized adult rats were ligated for 60 min followed by perfusion with 4% paraformaldehyde. After a brief postfixation for 30 min, sections (20 µm) of sciatic nerves were cut using a cryotome and incubated overnight with primary antibodies at 4ºC, followed by room temperature incubation with Cy3-or FITC-conjugated secondary antibodies for 3 h. Primary antibodies used include KIF1A (1131, 3 µg/ml), liprin-α (1127, 3 µg/ml) and syntaxin (1:200) . Immunofluorescence images were captured using an LSM510 confocal laser scanning microscope (Zeiss).
Neuron culture and immunostaining-Low-density hippocampal primary cultures were antibodies, followed by incubation with Cy3-, or FITC-conjugated secondary antibodies. We then tested the specificity of interactions between members of the KIF1 and liprin-α families. In addition to liprin-α4, liprin-α1 (aa 351-1202, a region corresponding to the liprin-α4 bait) also interacted with the KIF1A deletions that showed positive interaction with liprin-α4 (Fig. 1A) . In contrast, liprin-α1 and liprin-α4
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did not interact with KIF1B (both KIF1Bα and KIF1Bβ splice variants), another member of the KIF1 family (36-39) (Fig. 1C ).
To test whether full length KIF1A and liprin-α interact in a mammalian cell environment, we performed coimmunoprecipitation experiments using HEK293T cells doubly transfected with KIF1A and HA-tagged liprin-α1 (HA-liprin-α1) (Fig. 1D ).
Immunoprecipitation with HA antibodies, but not control mouse IgG, immunoprecipitated HA-liprin-α1 and coprecipitated KIF1A. HA antibodies did not bring down KIF1A in the absence of HA-liprin-α1. 
KIF1A and liprin-α distribute to both dendrites and axons in brain and
KIF1A colocalizes with liprin-α and GRIP in rat brain-We tested colocalization
between KIF1A, liprin-α and GRIP (a liprin-α-associated protein) by double or triple label immunofluorescence staining on rat brain sections (Fig. 3) . In rat brain, the distribution of KIF1A overlapped that of both liprin-α (Fig. 3A , an example from the CA1 dendrites of hippocampus) and GRIP ( side of the ligation (Fig. 5A ). Syntaxin also accumulated proximally but did not colocalize with KIF1A (Fig. 5C ), verifying the specificity of KIF1A/liprin-α coaccumulation. KIF1A, liprin-α and syntaxin did not accumulate on the distal side of the ligation (Fig. 5B, D) . These results suggest that KIF1A may anterogradely transports liprin-α along axonal microtubules. 6A ). Both KIF1A and liprin-α were detected in the P3 (light membranes) and LP2
KIF1A cofractionates and forms a complex with liprin-α and liprin-α-associated proteins in brain-
(synaptic vesicles) fractions. In addition, proteins associated with liprin-α such as GRIP and GluR1were also detected in the P3 and LP2 fractions.
To further characterize the association of KIF1A and liprin-α with membranes, we performed the sucrose density flotation assay (Fig. 6B) . When samples enriched with membranes (see "Experimental procedures" for details) were loaded onto the bottom of a discontinuous sucrose gradient, KIF1A and liprin-α floated and cofractionated into the light fractions (lanes 1-3) , along with GRIP, GluR2/3 and synaptotagmin, but not with cortactin ( Fig. 6B, left panel) . Detergent treatment of the samples prior to centrifugation eliminated the floating (Fig. 6B , right panel), suggesting that intact membranes are required for flotation.
To determine whether KIF1A biochemically associates with liprin-α in the floated membranes, we performed coimmunoprecipitation experiments on detergent extracts of the pooled light membranes (fractions 1-3). KIF1A antibodies immunoprecipitated KIF1A and coprecipitated liprin-α, GRIP, GluR2/3 and synaptotagmin, but not syntaxin and cortactin (Fig. 6C) . The liprin-α (1120) antibody recognizes both liprin-α1 and liprin-α2 (Fig. 2B) , and the GRIP (C8399) antibody recognizes both GRIP1 and GRIP2/ABP (9,10). Thus, further study will be required to identify the specific isoforms of liprin-α and GRIP that bind to KIF1A in vivo. The coimmunoprecipitation of GRIP and GluR2/3 is presumably due to their association with liprin-α (20) . The coimmunoprecipitation of synaptotagmin suggests that KIF1A is biochemically associated with synaptotagmin, and is similar to the reported association between synaptotagmin and the closely related KIF1Bβ (39) . The lack of coimmunoprecipitation of syntaxin that floated together with KIF1A in the flotation assay (Fig. 6B) indicates the specific association of KIF1A with its cargoes, and the lack GTPase-activating protein activity) (Fig. 6D ). In addition, KIF1A antibodies pulled down the βPix/Cool-1 (Fig. 6D) , a Rho-type guanine nucleotide exchange factor that directly interacts with GIT1 (4, 5, 40) .
In further coimmunoprecipitation experiments in a reverse orientation, liprin-α antibodies immunoprecipitated liprin-α, and coprecipitated KIF1A and other liprin-α-associated proteins including GRIP and RIM (Fig. 6E ). In addition, GluR2/3 antibodies brought down GluR2/3 and coprecipitated GRIP, liprin-α and KIF1A (Fig. 6F) , strongly suggesting that KIF1A and GluR2/3 are biochemically associated in the floated membranes. Importantly, GluR2/3 antibodies did not bring down RIM (Fig. 6F) regions to interact with protein tyrosine phosphatase D1 and 14-3-3, respectively (42, 43) .
Taken together, these results suggest that members of the KIF1 family of kinesin motors use various regions in their tails to associate with specific cargoes.
It has been reported that the C-terminal PH domain of Unc104 plays an important role in the recognition of phospholipids in cargo vesicle membranes (44,45).
Our results demonstrate the LBD domain of KIF1A that is located in the middle the molecule interacts with liprin-α, a multimodular protein that is linked to various proteins including membrane proteins. Considering these results, it is conceivable that the LBD and PH domains of KIF1A may associate with cargo vesicles in a parallel fashion. In this model, the PH domain of KIF1A may bind to the membrane of a cargo vesicle, while liprin-α may associate with the proteins on the same cargo vesicle. This parallel binding may help to determine the specificity or affinity of the association of KIF1A with its cargoes. immunofluorescence staining (Fig. 2) ; (2) localization of KIF1A in both pre-and postsynaptic sites revealed by immunogold EM analysis (Fig. 4) ; (3) biochemical association of KIF1A with both axonal (synaptotagmin) and dendritic (AMPA receptors) proteins (Fig. 6 ). In addition, movement of EGFP-tagged KIF1A particles has been detected in proximal thick neurites (probably dendrites) and axons of living cultured neurons (29). This is consistent with the movement of EGFP-tagged Unc104 particles observed in both dendrites and axons of living C. elegans neurons (28).
KIF1A-mediated transports in dendrites and axons-Previous
Collectively, these results suggest that KIF1A/Unc104 proteins are involved in the transport of neuronal proteins in both dendrites and axons. It has been recently shown that Unc104 can exhibit a highly processive movement through the formation of dimers at high motor concentrations (33), which may occur in vivo through clustering of motor proteins in phosphatidylinositol(4,5)bisphosphate-containing rafts on the surface of cargo vesicles (44, 45) . Similar to Unc104, KIF1A also moves processively along the microtubule in the single molecule motility assay, but some KIF1A molecules occasionally exhibit slow movement (33) that is similar to the previously reported biased-diffusional movement (31). This suggests that KIF1A may form a relatively unstable dimer, perhaps due to the weakness of the predicted neck coiled-coil probability, and raises the possibility that KIF1A dimers may be stabilized by additional mechanisms (33). Intriguingly, liprin-α forms multimers (1), suggesting the possibility that liprin-α may contribute to the processive movement of KIF1A through the stabilization of KIF1A dimers. This would suggest a dual role for liprin-α; that of both KIF1A receptor and a stabilizer of KIF1A dimers.
Liprin-α as a KIF1A receptor-Recent
GRIP-associated proteins as KIF1A cargoes-GRIP and GRIP-associated AMPA
receptors comprise an important set of potential KIF1A cargoes (Fig. 6B-F Intriguingly, GRIP1 steers conventional kinesin to dendrites (50) , which raises the question of whether KIF1A is also steered to dendrites by association with liprin-α or GRIP. Our data indicate that postsynaptic GluR2/3 coimmunoprecipitates with GRIP, liprin-α and KIF1A, but not with RIM, a presynaptic active zone protein (Fig. 6F) ,
suggesting that pre-and postsynaptic cargo proteins partition into different KIF1A cargo vesicles. This suggests that further work is needed to identify the molecular determinants that direct the polarized targeting of KIF1A cargo vesicles with pre-and postsynaptic contents.
KIF1A, liprin-α and presynaptic differentiation-Genetic deletion of syd-2 in C. elegans
and Dliprin-α in Drosophila leads to abnormal differentiation of the presynaptic active zone (18, 19) . One explanation for these results is that liprin-α functions as a structural component of the active zone (51) . An equally plausible hypothesis based on our results is that defective liprin-α may limit KIF1A-mediated axonal transport of various liprin-α-associated proteins involved in presynaptic development. We demonstrated that KIF1A associates with liprin-α and liprin-α-associated proteins including RIM, GIT1
and βPix (Fig. 6 ). RIM is a multimodular scaffolding protein of the active zone that is involved in the regulation of neurotransmitter release (7, 8) . GIT1 distributes to both preand postsynaptic sites at the EM level (J. K. and E. K., submitted) and associates with Piccolo/aczonin (S. K. and E. K., submitted), a core component of active zones (52, 53) .
Mutation in the dPix gene, a Drosophila homolog of mammalian βPix, has been shown to modify synaptic structure and targeting of various synaptic proteins (54) . Taken together, these results suggest that liprin-α may mediate the transport of these proteins to the nerve terminal for presynaptic differentiation.
In conclusion, we have shown the first evidence for a protein interaction of KIF1A with the multimodular protein liprin-α. Our results suggest that liprin-α, as a KIF1A receptor, may link KIF1A to various liprin-α-associated membrane, signaling and cytoskeletal proteins during their transport. It will be of use in the near future to perform genetic analysis of the identified protein interactions and determine the functional association of liprin-α with the dimerization and polarized targeting of KIF1A.
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